ABSTRACT: Porcelain stoneware is a strongly sintered ceramic material fabricated from ball clays-quartzfeldspar mixtures. Porcelain stoneware is characterized by its excellent technical and functional properties (low water absorption, high mechanical properties, resistant to chemical substances and cleaning agents, aesthetic possibilities …). These characteristic and technical features make that among the different types of ceramic tile, porcelain stoneware is the ceramic product that in the last years has best withstood the economic crisis in the construction sector. These properties are related to the microstructure of porcelain stoneware, which is a grain and bond type with large particles of filler (quartz), mullite crystals, a silica-rich amorphous phase and porosity. The understanding of the relationship between the microstructure and the properties of porcelain stoneware is hardly important for the development and design of these materials whose tendency is the manufacture of thinner tiles with higher dimensions but must continue to comply the specific technical requirements. 
INTRODUCTION
The change in firing technology in the manufacture of ceramic tiles, from traditional double firing to fast-firing single process, which occurred in the late seventies and early eighties, resulted in significant revolution in the fabrication procedures for wall and floor tiles. Such innovations resulted in a noticeable improvement in the overall technology used in ceramic tile manufacture, particularly as it relates to furnaces and characteristics of the raw materials (1) .
After the development of fast-firing, the second great revolution in the ceramic sector was based on the concept of porcelain stoneware, a type of ceramic tile that emerged in the late 70s in the district of Saussolo (Italy) (2, 3) , coinciding with the start of the great technological restructuring in the ceramic sector taken place with the introduction of roller kiln. The appearance of the product in Spain took place a decade later. Specifically, Pamesa started manufacturing in 1988, succeeding Porcelanatto in 1989 and later, already in the 90s, other companies.
Porcelain stoneware tiles are very strongly sintered ceramic materials formed from a finely milled body mixture (4) . Ceramic tiles standards (5) use a specific classification and nomenclature that is based on two parameters, i.e. water absorption and forming method. Concerning the shaping method, ceramic tile can be classified in three groups depending if it is moulding by extrusion (A Group), dry pressing (B Group) or by another forming process. In view of its water absorption, ceramic tile can be classified in three groups with well-specified absorption intervals. Table 1 displays the classification of ceramic tiles according to the ISO 13006:2012. Porcelain stoneware tiles are included in the group BIa: Tiles moulded by dry pressing and with water absorption lower than 0.5%.
Regarding the raw material composition, porcelain stoneware paste consists of a mixture of ball clays (sometimes kaolin), quartz and feldspars (6) . The clay fraction favours forming operation since it allows plasticity to the green piece and it also provides the sufficient mechanical strength to withstand the stresses before firing. The feldspar fraction develop a liquid phase at low temperatures and assist the sintering process, allowing a virtually zero (<0.5%) open porosity and a low level of closed porosity (<10%). The quartz promotes thermal and dimensional stability thanks to its high melting point (3, 4, (7) (8) (9) (10) . Table 2 shows the typical range of composition of commercial porcelain stoneware (11) . Besides the main raw materials, energetic fluxing agents and colorants can be added as additives to the paste formulation (12) . In recent years, the scientific community is working hard to change the compositions of ceramic pastes for building materials by incorporating industrial and agricultural wastes (13) (14) (15) . Figure 1 depicts a diagram that represents compositions of triaxial ceramic products in which a standard composition of porcelain tile is located.
From a technological point of view, porcelain stoneware is characterized by excellent technological and functional properties (16) (17) (18) (19) (20) (21) , such as: low water absorption making it frost resistant and therefore extremely serviceable for outdoor flooring and wall cladding in cold climates; high mechanical properties (hardness, abrasion resistance and bending strength) making it functional for highly trafficked and industrial areas; resistant to chemical substances and cleaning agents, being easy-toclean and thus appropriate for paving areas where hygiene is of prime importance; it can be endowed with a broad spectrum of aesthetic possibilities (body colouring with soluble stains, pressed relief, Group CIII 3) Groups AII a and Group AII b are divided into two parts (Parts 1 and 2) with different products specifications. Group BIII covers glazed tiles only. There is a low quantity of dry-pressed unglazed tiles produced with E>10% that is not covered by this product group. These tiles are not covered in this International Standard.
polishing, glazing, etc.) (22) . Table 3 collects the requirements for porcelain stoneware tiles according the Standard ISO 13006:2012 (5). All the above characteristic and technical features make that among the different types of ceramic floor and wall tile, porcelain stoneware is the ceramic product that in the last years has best withstood the economic crisis in the construction sector. Figure 2 shows the evolution of the production of porcelain stoneware in Spain during the years 1996-2013. Under the real estate boom that occurred in the period 2002-2013, the production of porcelain tiles grew exponentially, so that the production in 2006 was double that in 2002. However, the poor situation of the global economy and the bursting of the housing bubble led to the fall of the production of ceramic tile in 2007. Nevertheless, considering the overall production of ceramic tile showed in Figure 3 , it can be highlighted that porcelain tile is the only ceramic material that has increased its share of production, mainly at the expense of glazed stoneware tile. There is no doubt that this trend is due to a large degree, to the technical features of porcelain stoneware.
The present work aims to give an overview of the relationship between microstructure and technological properties of porcelain stoneware. Once the importance of these technological properties has been pointed out, the way to control them is one of the most important objectives of the industry. Therefore, following is detailed the description of the microstructure as a direct consequence of the firing process (porosity) and from the point of view of the main mineralogical composition of tiles (glassy phase, quartz and mullite). Giving the complexity of the process, it has been established that final technological properties of porcelain stoneware tiles are function of several microstructural features. Therefore, it is necessary a precise control of the manufacturing process parameters in order to adjust the technological properties of the fired tiles.
PORCELAIN STONEWARE MICROSTRUCTURE
Porcelain stoneware tile is fabricated by a faster firing cycle (60-90 min cold-to-cold), in which the tiles are inside the furnace no longer than 90 min (23) . During firing, raw materials react and new crystalline phases are formed (24, 25 
⋅
For easy explanation, the phase transformations are expressed as approximate or general chemical reactions. However, the former reactions are not exactly balanced as they are not totally stoechiometric. Moreover, impurities in the starting ceramic paste could result in the development of a liquid phase during firing, which could vary both the temperature of formation and the percentage of the different phases. Consequently, the detailed sequence of the different chemical reactions taking place during firing is complex, as it depends on several factors such as the raw materials composition, ceramic powder characteristics and manufacturing conditions.
The process begins with the formation of metakaolinite (Al 2 O 3 ·2SiO 2 ) as a result of the loss of kaolinite structural water. It is established that the dehydroxylation kinetics is first-order with a dehydroxylation rate directly proportional to the kaolinite surface area (27, 28) . Moreover, the dehydroxylation of kaolinite is an endothermic process accompanied by a rearrangement of the aluminium ions, which changes from octahedral coordination in kaolinite, to mainly tetrahedral coordination in metakaolinite (27, 28, (29) (30) (31) . Subsequently, amorphous silica and spinel is released and at higher temperature they react resulting in mullite formation (32) . The amorphous silica liberated in the course of metakaolinite decomposition is highly reactive, possibly assisted by the formation of a eutectic melt at 990 °C. With regard to the exact structure of the spinel, it is currently under debate (33) (34) (35) . Most of the reactions occurring during the firing step of porcelain stoneware are kinetically governed processes. However, the thermal cycles used in industrial production of porcelain tiles are very fast (60-90 min cold-to-cold); so the attainment of thermodynamic equilibrium it unachievable. Therefore, it is frequent that the fired product contains residual feldspar and quartz crystals that have not been completely transformed on firing. Similarly, several authors have reported that only half of the mullite phase that could potentially be generated from raw materials upon firing is formed during the fast-firing process (6, (36) (37) (38) . As result, the microstructure of the body is also change during firing. Figure 4 shows the evolution of the microstructure of a porcelain stoneware body during the firing step. Bodies fired below 1000 °C shows a typical under firing ceramic microstructure with high-interconnected porosity. At 1100 °C, two types of agglomerates are differentiated. Clay relicts that correspond to regions where pure clay was located in the green body and clay-feldspar relicts associated with clay relicts in which feldspar has penetrated. Quartz grains and different agglomerates are surrounded by a ceramic matrix comprised of a mixture of fine grains of quartz, feldspar and kaolinitic clay. Though mullite phase is already forming at this temperature, it is not detectable by SEM due to the small size of the first developed mullite crystals. After firing at above 1200 °C, the microstructure depicts the typical features of a well-fired ceramic body in which all the physical transformations and chemical reactions between the original raw materials have taken place (39) . In this state, porcelain stoneware shows a typical grain and bond microstructure with coarse quartz particles held together by a finer matrix consisting of mullite crystals and a glassy phase (40) . Depending on the micro-region from which they develop, mullite crystals have varying shapes and sizes in the fired microstructure. At ~1000 °C, decomposition of pure clay agglomerate relicts lead to fine cuboidal crystals (<0.5 µm) termed primary mullite since they form at the lowest temperatures (41-43), whereas those regions in which feldspar particles were well mixed with kaolinitic clay or where feldspar has gone through clay agglomerates form elongated needleshaped crystals termed secondary mullite. Cuboidal or low aspect ratio (1-3:1) primary mullite crystals formed from pure kaolinite clay are surrounded by a highly viscous matrix that inhibits the growth of these crystals and primary mullite shows a low aspect ratio (1-3:1). Mullite crystals derived from feldsparpenetrated clay relicts find a less viscous environment. Their growth is easier, so they achieve a high aspect ratio (3-10:1). Finally, mullite needles formed from areas of mixes of fine clay, feldspar and quartz show a very high aspect ratio (30-40:1) since they are surrounding by a more fluid liquid enriched in alkalis, which favours the fast growth of crystals. According to Iqbal and Lee notation (25, 44, 45) , these crystals correspond to Type I (low aspect (1-3:1)) primary mullite, Type II (high aspect ratio (3-10:1) secondary mullite and Type III (very high aspect ratio (30-40:1) secondary mullite needles. Figure 5 shows the different mullite crystals morphologies found in porcelain stoneware tiles.
Therefore, the microstructure of a standard porcelain tile consists of quartz grains, primary mullite crystals, secondary mullite crystals, a silica-rich amorphous phase and porosity. The typical mineralogical composition of commercial porcelain stoneware tiles, which commonly is 55%-65% glassy phase, 20%-25% quartz, and 12%-16% mullite (6) . On the other hand, porcelain tiles generally exhibit almost 0% open porosity but they have 2-10% closed porosity in general.
EFFECT OF MICROSTRUCTURAL FEATURES ON TECHNOLOGICAL PROPERTIES OF PORCELAIN TILES

Porosity
In any ceramic material, and in particular in wall and floor tiles, porosity has a considerable influence on the technological features, mostly on the mechanical (modulus of rupture) and surface characteristics (resistance to abrasion, stains and chemical agents). Gil et al. (46) identified the different types of porosity existing in porcelain tiles, in order to associate them with the components of the paste and to analyze the effect of each type of porosity on the physical properties of the fired pieces. Open porosity is composed by intercommunicated irregular channels with a size below 5 µm ( Figure 6 ). It is formed as results of the loss of volume associated to clay dehydroxylation on firing. During the sintering process, the development of liquid phase is progressively closing the capillaries that constituted the open porosity and fine closed porosity arise, which is comprised by small size closed pores (<5 µm) distributed throughout the clayey matrix. Furthermore, larger isolated pores with a spherical shape (>10 µm) form the coarse closed porosity. It is directly linked to the melting of the feldspar grains. Finally, interparticle porosity is composed by pores with an irregular morphology located at quartz and feldspar grain boundaries with the glassy matrix. Its origin is due to differences in thermal expansion coefficients of these grains with respect to the glass matrix. Each of these types of porosity is associated with specific technological properties. Thus, open porosity is responsible for the frost resistance. Coarse closed porosity is associated to the stain resistance because when the fired porcelain stoneware is polished, the closed porosity is exposed at the tile surface. Interparticle porosity is responsible for the reduction in mechanical strength of the fired bodies, since they are considered stress concentrators and facilitate fracture.
With respect to the green compact, the main variables that may interfere in the characteristics of the porous microstructure are particle and grain size distribution, morphology, humidity and pressing pressure. Hence, the closed porosity is the result of incomplete densification during sintering and basically depends on the microstructure of the green body and on the firing schedule. Basically, the porous microstructure of the green body is consists of two types of pores: intragranular pores (spaces between the particles that comprise the grains) and intergranular pores (set of voids that are formed during pressing). Another type of pores that can be frequently found inside the larger grains are referred to as "hollow pores" and are characteristics of the spray-drying method used to obtain the ceramic granules (47, 48) . Based on its characteristics and size, this type of pore can be classified as an intergranular pore. Amorós et al. (49) addressed the effect of green porcelain tile microstructure on the sintering process and on fired product properties. They reported that at the same pressing variables, the larger the composition coarse particle fraction (R3 and R4 compositions), the less porous (higher bulk density, r s ) are the green specimens, which, however, contain larger pores ( Figure 7 ). In contrast, with longer milling (R1 and R2) the resulting specimens are more porous (lower r s ), but the pores are smaller. However, the values of bulk density after firing at 1175 °C indicated that the pore size growth during sintering depends on pore size in the green body, so that fired product porosity will depend more on pore size than on pore volume of the green body. The authors concluded that the presence of large pores in the green body hinders the sintering process, and requires a higher firing temperature to reach maximum product densification. Moreover, the minimum attainable porosity is higher and the size of the remaining pores increases. Alves et al. (50) (51) (52) conducted different investigations to correlate the porous microstructure of the green compact with the closed porosity and stain resistance of the fired product. They pointed out that the granulometric distribution of the spray-dried mixture does not interfere significantly in the pore size distribution of the fired material. The only effect cause by the use of granules with distinct characteristics was on the area of surface pores. In this case, the area occupied by surface pores is directly related to the intensity of the stains, i.e., the larger the area the more visible the stain.
Gualtieri et al. (53) reported a strong dependence between the total porosity and the glass content in the fired body. They remarked that a liquid phase contents higher than about 66% does not result in a more sintered body. The authors attributed this finding to the presence of gas bubbles entrapped in the liquid phase which cannot be eliminated by viscous sintering, thus forming closed pores which contribute to total porosity. As pores are eliminated during sintering through liquid phase sintering, the most important raw material responsible for the amount, nature and characteristics of the liquid phase during sintering, and consequently the ability of a composition to eliminate pores in the green compact, should be feldspar. Alves et al. (54) studied the correlations between the particle size distribution of feldspar, the characteristics of the pores in the green compact, the elimination of these pores during sintering, and the susceptibility to staining of sintered polished surfaces. They concluded that slight variations in the average particle size of feldspar can lead to significant changes in the porous microstructure of the final product, thereby modifying its stain resistance. Thus, higher feldspar particle size increases favours the formation of denser granules during the granulation stage. Although densification degree of the green compact is higher in these conditions, the use of particles with larger diameters causes the volume and diameter of closed pores to increase due to the lower reactivity attained during sintering.
Likely, the negative effect of porosity on technological properties of porcelain stoneware is related to stain resistance in polished tiles. Porcelain tiles frequently undergo a polishing process, aimed to reduce their surface roughness and increase their gloss (52) . During polishing, the removal of a fine surface layer, which normally varies from 0.5 to 1.5 mm depending of the tile characteristics (specially curvature and decoration process), reveals a new surface composed of numerous open pores that were previously "closed" inside the material (18, 55, 56) . Hence, Tucci et al. (57, 58) and Dondi et al. (59, 60) correlated the stain resistance with the bulk and surface characteristics of porcelain stoneware tiles, providing a predictive model based on the surface roughness and on the number size and morphology of the pores. As a result of fast-firing cycles used in their production, porcelain tiles retain a significant amount of residual porosity, which is heterogeneously distributed through the thickness of the tile. In order to evaluate the dependence of porosity with depth, a porcelain tile can be considered as a material with functional gradient and therefore it may be modeled as a multilayered system, which consists of a ceramic matrix and residual pores. The determination of the pores volume fraction as a function of the distance from the tile surface and the application of different simulation models revealed a spatial variation of the elastic properties, which cannot be identified by traditional experimental methods such as bending tests and resonance techniques (61) . Some works suggest that the staining is dependent on the diameter of pores on the polished surface of porcelain tiles. Thus, pores responsible for the staining of porcelain surface are in the 5-20 µm (62, 63) . Indeed, large pores (>30 µm) facilitates the removal of staining agents by the cleaning processes. In contrast, the penetration of the staining agent is hindered in very small pores (<5 µm) (64). Alves et al. (65) carried out a study to ascertain if the thickness of the layer removed by polishing can modify the superficial porous microstructure and stain resistance of the final surface of porcelain stoneware tile. The thickness of the layer removed by polishing may affect the intensity of the stains, since pore size distribution and morphology change from the surface toward the centre of the ceramic body. In fact, the area occupied by the pores did not vary significantly with the increasing the layer thickness removed by polishing. However, as the wear advanced into the sample, there was a decrease in the occurrence of pores with critical stain diameters, i.e., between 5 and 20 µm (Figure 8 ). On the other hand, increasing pore size in the cross section of the tiles as the distance from the original surface increased was also observed. This increase in pore size apparently was accompanied by an increment in the area occupied by the pores, indicating the existence of porosity gradient along the cross section. As result, the lower the thickness of the layer removed by polishing the higher the intensity of visible stains. The authors indicated that the removal of a 1.5 mm layer from the surface by polishing contributed more to reduce the intensity of stains than a thinner layer.
Other parameters affecting porosity in fired porcelain stoneware are moulding pressure and thickness of the green body. Pérez et al. (66, 67) addressed that open porosity generally decreases as moulding pressure increases; this reduction is more noticeable at lower thicknesses. Higher moulding pressure leads to highly compact unfired bodies with a lower volume of voids; therefore, the elimination of open pores by the liquid phase formed during firing is favoured. As the thickness and moulding pressure increase, the number of closed pores decreases ( Figure 9 ). The authors also reported on a strong relationship between the numbers of closed pores and the tile thickness; the number of pores increased with the thickness of the tile. This result is most likely due to the temperature gradient inside the tile during the firing cycle. This gradient is expected to increase as the thickness increases, which leads to differences in the liquid phase viscosity from the surface to the core of the tiles. Thus, as the thickness increases, the viscosity in the core of the tile will increase, which inhibits the removal of voids. Therefore, the fired product exhibits a greater number of pores (Figure 10a ). Regarding the moulding pressure, the number of pores was observed to increase at higher pressure, which was more significant for the thickest tiles (6 and 9 mm). The greater contact in particles in the unfired tiles shaped at higher pressures locks the microstructure and inhibits the rearrangement of particles at the first stage of sintering. Concerning the size of pore, it is related to tile thickness. Therefore, the thinnest tiles contain a significant percentage of large-sized pores, whereas the thickest tiles contain a significant proportion of smaller-sized pores (Figure 10b ). The elastic modulus (E) of a porous material is closely related to both the amount of porosity and one or more aspects of the pore character. The elastic modulus of porcelain stoneware depends on the shape and distribution of the porosity, which is considered as a second phase with E = 0, and in general, E decreases as the total porosity increases (68) . Generally, bending strength (BS) in ceramics decreases exponentially by increasing porosity, and the denser the fired bodies are the higher the BS is (69-71). But it is not only dependent on the percentage of porosity but also on the size and shape of the pores. Thus, it is known that interconnecting pores act as large fracture flaws reducing bending strength; conversely spherical, uniformly distributed pore with a size in the range 5-20 µm have a positive effect on bending strength (69, 72, 73).
Glassy phase nature
The densification of porcelain stoneware occurs throughout a viscous phase sintering, with the development of a liquid phase that flows, by capillary pressure, in the interconnected holes between the particles (46, 47) , and leads to the development of a ceramic bonding, constituted by a glassy matrix embedding new-crystalline phases and part of the residual crystals (74) . Thus, the viscosity of the liquid phase will affect the sintering process and as a result, the microstructure of fired products.
The dynamic evolution of both microstructure and phase composition during firing makes it difficult to predict the behaviour of porcelain stoneware with classical models (based on viscosity and surface tension of the liquid phase) (75). Esposito et al. (74) evaluated the possibility to use nephelinesyenite, as fluxing agent, in a body mix used for porcelain stoneware tile. Compared to pure feldspars, nepheline-syenite contains higher percentage of alkaline oxides, K 2 O+Na 2 O is about 9-12% in feldspars, whereas it is larger than 14%, in nephelinesyenite. Starting from a reference mix composition (48.6 wt.% of clay, 15.6 wt.% of potassium feldspathic sand and 35.5 wt.% of sodium feldspathic sand), different amounts (5.0, 10.0 and 15.6 wt.%) of sodium feldspar were replaced with the same amounts of nepheline-syenite. The authors pointed out that the presence of the nepheline-syenite in the standard body mix strongly favours the sintering behaviour. Adding nepheline-syenite decreases the viscosity of the glassy phase, which in turn causes an increase in the shrinkage rate and improves the sintering process. Consequently, the time necessary to obtain a water absorption value <0. 5% is greatly reduced. The maximum value of shrinkage in the samples containing nepheline is higher than the maximum value in the standard composition, and furthermore, it is reached in shorter times. The reference sample reaches a open porosity ~0% (water absorption <0.5%) after 100 min of soaking time, while for the modified composition only 25-30 min of soaking time are enough to obtain well sintered samples ( Figure 11 ). The fired modified compositions show homogeneous microstructures, characterised by smaller pores, with a narrow pore size distribution, compared with the standard sample. Moreover, the mechanical characteristics as Vickers hardness, flexural strength and Weibull's modulus, increase for the modified compositions. All that is correlated with a better microstructural homogeneity and lower amount of glassy phase. The use of a 5% of nepheline-syenite allows reaching the best results. However, the range of dimensional stability drastically reduces, and a negative shrinkage is observed (expansion) when higher amounts of nepheline-syenite are added. Suvaci et al. (76) studied the effect of composition on viscosity of porcelain stoneware tiles and the role of the viscosity on microstructure development and stain resistance. The authors stated that the viscosity of the amorphous phase is directly related to Na 2 O/K 2 O ratio ( Figure 12 ). As the ratio increases, the viscosity decreases due to smaller dimensions of the sodium with respect to potassium ions. Therefore, changing compositions of the porcelain stoneware tiles results in viscosity change of the system which is expected to influence the sintering and microstructure development. In this sense, densification rate can be related to reduction in viscosity according to the following equation (77) [1] :
where k and n are constants, γ is surface energy and η is viscosity. Surface energy does not change significantly with the compositional changes. As a result, viscosity remains as a key parameter to affect densification. Accordingly, while too high viscosity is not desired due to very slow densification kinetics, too low viscosity may also bring some additional problems such as pyroplastic deformation.
The viscosity also has an effect on closed porosity in both the degree of porosity and the aspect ratio of the pores. Decreasing viscosity does not only result in less closed porosity but also favours spherical pore morphology, which is critical for getting porcelain stoneware tiles with high stain resistance (76) . Although lower the viscosity results in less and spherical closed porosity with improved stain resistance, too low viscosity can bring additional problems such as pyroplastic deformation of the tiles, which is a factor to consider in the formulation of the ceramic body. Accordingly, two critical viscosity values have been noticed; (i) the upper viscosity limit above which insufficient densification occurs and/or irregular pore structure is observed and (ii) the lower viscosity limit below which the tiles exhibit pyroplastic deformation.
Pyroplastic deformation is the bending of a ceramic specimen caused by gravity during heat treatment. This property is especially important when firing products with very low porosity like porcelain tiles, due their content in melting materials. Piroplasticity is related to an excess of liquid phases formed during firing or to a reduced viscosity of these phases. It depends on different parameters Figure 11 . Open porosity soaking time of porcelain stoneware compositions fired at 1260 °C (STD= reference mix composition; C1=5 wt.% of potassium feldspathic sand were replaced with nepheline-syenite; C2=10 wt.% of potassium feldspathic sand were replaced with nepheline-syenite; C3=15.6 wt.% of potassium feldspathic sand were replaced with nephelinesyenite) (Figure drawn from data reported in (74)). such as the firing zone temperature; the heating rate and the time in which the specimens remain at the maximum temperature (60) , but also on the composition in raw materials of the porcelain body. Bernardin et al. (78) used a statistical design to study the influence of different minerals on the pyroplasticity of porcelain tile pastes. They reported that the strongest influence was caused by the presence of sodium oxide in ceramic compositions, which is related to the decrease in the viscosity of the formed liquid phase in the ceramic system and the increase of the observed pyroplastic deformation. Aydin et al. (79) reported similar findings when studied the influence of lithium oxide, as auxiliary flux, on the pyroplastic deformation of triaxial porcelain bodies. The partial substitution (up to 4 wt.%) of spodumene for in a standard body resulted in decreased pyroplastic deformation index, which was attributed to the fact that the addition of spodumene led to further dissolution of quartz and thus increased the viscosity of glassy phase.
Regarding the effect of glassy phase content in on mechanical properties of porcelain stoneware tiles, there are controversial results. Several studies suggest a close relationship between the amount of glassy phase present in the fired body and bending strength or fracture toughness (80) . In contrast, other studies have claimed that an increase in the vitreous phase decreases the mechanical resistance of porcelain bodies (81) . Discordant results may be to the fact that the amount of liquid phase in porcelain stoneware is related to the close porosity of the sample but also to the thermal tensile stresses developed at the surface during fast cooling.
Zanelli et al. (75) studied a full representative sample of commercial porcelain stoneware tiles. They highlighted that some important aspects of porcelain stoneware sintering, deeply involving the non-crystalline component, are still not fully understood, in particular: the stability of mullite during the formation of viscous melt, as it affects the chemical composition of the glassy phase; the role of microstructure, as there are evidences that the matrix of porcelain stoneware body, which include glassy phase and micro-crystals, is the real viscous phase governing the densification kinetics; and the onset of viscous flow, as there are no detailed study concerning the transformation from the formation of viscous melt to the densification stage.
Quartz
Quartz is a basic component in porcelain stoneware composition as it promotes thermal and dimensional stability because of its high melting point. During firing, quartz grains tend to dissolve in the liquid phase at high temperature so that it is estimated that a 64-85% of the quartz in the starting composition remained undissolved in the fired tile.
Concerning the function of quartz in the strength of a porcelain body, the mismatch in the thermal expansion coefficient, α, between quartz particles (α≈15-26×10 −6 °C −1
) and the silicate glass matrix (α≈5-8×10 −6 °C −1
) generate a compressive stress on the matrix, which leads to strength reinforcement in the porcelain bodies (82) . According to this theory, the quartz particles have a decisive contribution on increasing the fracture energy, either by increasing the state of compressive residual stress in the glass matrix, or by promoting a combination of the mechanisms of crack deflection and microcracking. Typically this mechanism is visible as crack branching at the impact of the crack with a quartz grain. When the crack propagates through a feldspar grain, it does not deviate from its path but when it meets a stressed quartz grain, the energy is dissipated and propagation stopped (9) .
Sánchez et al. (83) conducted a comparative study on the mechanical properties of a wide range of polished porcelain stoneware tiles produced by several companies from different countries. The investigation concluded that the mechanical properties of porcelain tiles are mostly defined by the quartz content in the fired pieces, as quartz acts as reinforcement phase, increasing the toughness of the material and thus its mechanical strength. De Noni et al. (84) achieved similar results with respect to the role of quartz. They noted that the mechanical strength of porcelain stoneware increases with the proportion of quartz, confirming the role of reinforcement of quartz particles dispersed in the matrix. As a result of the rapid cooling rate in industrial firing cycles and the large quantity of glassy phase (50-65%) developed on firing, porcelain tile may develop a macroscopic residual stress profile resembling that typically found in glass tempering processes (85, 86) . During rapid cooling, thermal tensile stresses develop at the porcelain stoneware tile surface. So that residual stress increases as the material cools more rapidly in the temperature range in which the tempering process occurs. Since the stress is compressive, an increase in thermal stresses is associated to an increase in mechanical strength. De Noni et al. (87) analysed how the cooling stage of the firing cycle influences porcelain tile microstructure and mechanical behaviour. They pointed out that apparent toughness increased in proportion to the residual stress increase, so the tempering in porcelain tile can be considered a toughening mechanism.
However, the positive effect of quartz on the mechanical properties of porcelain stoneware is not always revealed, and even different researches has highlighted opposite results. Thus, Cavalcante et al. (17) highlighted that strong tensile stresses, in the order of 330-370 MPa, are developed around quartz particles, leading to a structural weakening and presumably a particle debonding from the matrix.
The negative effect of quartz on the mechanical properties of porcelain stoneware is also revealed by Hutchings et al. (88) . They stated that adding quartz and/or increasing quartz particle size in the porcelain tile starting composition raised the porosity of the fired specimens significantly. Moreover, there was a strong increase in tile specific wear rate with increasing quartz. This factor, together with the resulting deterioration in surface quality, suggested that in order to improve polishing efficiency and enhance polished surface quality, both quartz content and quartz particle size should be minimized in porcelain stoneware compositions.
As indicated above, the mechanical strength for rapidly cooled porcelain stoneware tiles increases due to the development of compressive macroscopic residual stress at the surface of the pieces. However, this increase is lower than is to be expected on the basis of the measured residual stresses (89) . After the allotropic transformation of quartz (573 °C), the particles undergo pronounced shrinkage, which increases microscopic stresses. As the piece cools, the particles begin to debond from the matrix, giving rise to peripheral cracks. As the cooling is rapid, thermal tensile stresses form at the surface; peripheral cracks thus encounter more favourable growth conditions, which lead to an increase in natural flaw size. This microstructural damage adversely affects the product's mechanical behaviour. Different studies have shown that the debonding degree depends on the quartz particle size (90, 91) , so that particles larger than ~50 µm would completely debond from the matrix (complete cracking around particles) but particles sized between ~5-50 µm would be partly detached from the matrix (partial peripheral cracks around particles) ( Figure 13) . Therefore, the mechanical strength of porcelain stoneware strongly depends on quartz particle size and the increasing particle size leads to an increase of mechanical strength.
Mullite
Several theories on mechanical properties of porcelain bodies assume that strength can be attributed to mullite content and morphology. The mullite hypothesis for the strength of porcelain stoneware tiles establishes that the feltlike interlocking of fine mullite needles are responsible for the strength and consequently bending strength increases when the percentage of mullite crystals developed in the tile increases. This assumption was first proposed in porcelains by Zoellner (92) and subsequently supported by different authors. Thus, Calcavante et al. (17) studied the behaviour of polished porcelain stoneware tiles, focusing the attention on a better understanding of the complex relationships among microstructural, mechanical, tribological and functional characteristics. They pointed out that mullite crystals tend to increase the mechanical performances, through a predominant mechanism of matrix reinforcement. Mullite undergoes compressive stresses during cooling that, consequently, promote a material strengthening. Actually, when a crack front passes through a compressive stressed region, its propagation is contrasted if no additional external forces are applied. Similar findings were reported by Carbajal et al. (93) after studying the evolution of the crystalline phases of the two porcelain stoneware compositions prepared with different contents of glass formers and its influence on the mechanical reinforcement. More recently, De Noni et al. (94) highlighted that the hypothesis of interconnection of mullite crystals as a mechanism for strengthening triaxial porcelain stoneware is clearly observed only when the pieces are fast cooled.
However, at times, the beneficial effect of mullite content is not evident. Several researchers have not found a clear relationship between mullite content and bending strength (72, 73, 74) . De Noni et al. (84) in a study on the influence of composition on mechanical behaviour of porcelain tile showed that mullite significantly worsen the fracture energy, which invalidates the mullite hypothesis as a mechanism to strengthen the porcelain tile.
Thus, the effect of mullite content on mechanical strength is also controversial. Martín-Márquez et al. (95) studied the evolution of mechanical properties on firing in porcelain stoneware in an attempt to establish the influence of the microstructure, taking into consideration percentage, shape and size of mullite crystals. The authors revealed the bending strength is directly associated to the aspect ratio shown by secondary mullite needles (Figure 14 ). An increase in the aspect ratio of crystals was observed to increase the bending strength, which reaches maximum values when Type III secondary mullite needles join together and give rise to clusters or packs of needles ( Figure 15 ).
Similar findings on the effect of the aspect ratio of mullite needles on the mechanical strength of porcelain stoneware were reported by Pérez et al. (66, 67) . The authors studied the influence of thickness and moulding pressure on the technological properties and microstructure of porcelain stoneware tiles. The microstructural study was focused on the morphology of mullite crystals. They reported that the morphology of secondary mullite was affected by moulding pressure so that it varied from Type II at low pressure to Type III at higher pressures. The secondary Type III mullite fibres joined together and give rise to cluster or pack of needles. As result, the bending strength improves when the aspect ratio increased, from 29:1 in samples pressured at 20 MPa to 62:1 in samples pressured at 100 MPa ( Figure 16 ).
Concerning the effect of mullite crystals on the elastic modulus and wear resistance, in general these properties increase for higher mullite content, which can be explained by the highest value of Young's modulus (mullite =210 GPa, quartz =78 GPa, glass =70 GPa) and expansion coefficient for mullite comparing to other components (96).
FINAL REMARKS
Considering the overall production of ceramic tile and the poor situation of the global economy, it must be highlighted that porcelain tile is the only ceramic material that has increased its share of production. There is no doubt that this trend is due to the technical features of porcelain stoneware, which are related to its microstructure consisting of quartz grains, mullite crystals, a silica-rich amorphous phase and porosity.
The technical characteristics of porcelain stoneware are closely associated to the porous texture of the fired product. The main effect of porosity is related to stain resistance, which is dependent on the diameter of pores. Bending strength and elastic modulus are not only dependent on the percentage of porosity but also on the size and shape of the pores. Uniformly distributed pores with a size in the range 5-20 µm have a positive effect on bending strength.
The effect of glassy phase and quartz content on mechanical properties of porcelain stoneware is controversial. Several studies suggest a close relationship between the amount of glassy phase or residual quartz present in the fired body and bending strength or fracture toughness. In contrast, other studies have claimed that an increase in the vitreous phase decreases the mechanical resistance of porcelain bodies.
The effect of mullite content on mechanical strength of porcelain stoneware is also open to discussion. The mullite hypothesis for the strength of porcelain tiles establishes that the feltlike interlocking of fine mullite needles is responsible for the porcelain strength and consequently bending strength increases when the percentage of mullite increases. However, sometimes the beneficial influence of mullite content on bending strength is not evident. What does seem clear is that mechanical strength of porcelain stoneware is directly related to the aspect ratio of secondary mullite needles since an increase in the aspect ratio of crystals was observed to increase the bending strength. Finally, the elastic modulus of porcelain stoneware increases for higher mullite content due to the highest value of Young's modulus for mullite comparing to other components.
Over the manuscript it has been pointed out that there are some major questions regarding the final properties of porcelain stoneware that ought to be clarified and, in the author's opinion will rise up a new way of approaching the relationship between microstructure and technical properties.
